The axons of retinal ganglion cells (RGCs) form topographic connections in the optic tectum, recreating a two-dimensional map of the visual field in the midbrain. RGC axons are also targeted to specific positions along the laminar axis of the tectum. Understanding the sensory transformations performed by the tectum requires identification of the rules that control the formation of synaptic laminae by RGC axons. However, there is little information regarding the spatial relationships between multiple axons as they establish laminar and retinotopic arborization fields within the same region of neuropil. Moreover, the contribution of RGC axon lamination to the processing of visual information is unknown. We used Brainbow genetic labeling to visualize groups of individually identifiable axons during the assembly of a precise laminar map in the larval zebrafish tectum. Live imaging of multiple RGCs revealed that axons target specific sublaminar positions during initial innervation and maintain their relative laminar positions throughout early larval development, ruling out a model for lamina selection based on iterative refinements. During this period of laminar stability, RGC arbors undergo structural rearrangements that shift their relative retinotopic positions. Analysis of cell-type-specific lamination patterns revealed that distinct combinations of RGCs converge to form each sublamina, and this input heterogeneity correlates with different functional responses to visual stimuli. These findings suggest that lamina-specific sorting of retinal inputs provides an anatomical blueprint for the integration of visual features in the tectum.
Introduction
Retinal ganglion cells (RGCs) with diverse morphologies and response properties transmit a retinal representation of the sensory world to the brain. In zebrafish, the vast majority of RGCs innervate the optic tectum, which initiates behaviorally relevant motor programs in response to visual cues (Nevin et al., 2010) . Within the tectal neuropil, axonal arbors are targeted along the retinotopic axes, as well as the laminar axis. Although there is evidence implicating guidance cues in the establishment of each map (McLaughlin and O'Leary, 2005; Luo and Flanagan, 2007; , basic organizing principles of the retinotectal projection remain poorly understood. Previous studies in the larval zebrafish demonstrated that RGC axons target specific tectal laminae (Xiao and Baier, 2007) . However, several aspects of lamina assembly have not been directly examined because of the fact that previous studies could not monitor the lamination of multiple, individually identifiable axons within the same volume of neuropil.
Recent studies in the mammalian visual system have demonstrated a correlation between cell type and axon lamination pattern (Huberman et al., 2008 (Huberman et al., , 2009 Kim et al., 2010; Hong et al., 2011) , suggesting that laminar targeting is one determinant of synaptic specificity. Cell-type-specific synapse formation may provide a mechanism by which diverse retinal inputs are integrated to confer complex visual response properties to collicular neurons (Wang et al., 2010) . Early anatomical studies demonstrated that RGC axon lamination in the fish tectum is more precise than that in the mammalian superior colliculus (SC; Ramó n y Cajal, 1995), suggesting that lamination plays a more prominent role in determining synapse specificity in the fish tectum. More recently, in vivo imaging in larval zebrafish has revealed that RGCs form planar arbors in the tectum (Xiao and Baier, 2007; . However, it is unknown whether RGC-type-specific lamination directs the formation of spatially segregated tectal circuits dedicated to processing different types of visual input.
We used multicolor genetic labeling to monitor the precision and dynamics of lamina assembly in the developing zebrafish tectum. We characterized a fine-grained sublaminar map generated by precise costratification of retinal axons. Live imaging of multiple axons in the same tectum confirmed that laminar position is established during initial innervation. Multi-day timelapse imaging demonstrated that relative laminar positions are fixed throughout early larval development, ruling out a process in which axonal translocation along the laminar axis serves to refine patterns of connectivity. Whereas relative laminar positions are stable, retinal arbors in every lamina invariably shift their relative retinotopic positions. Examining the relationship between RGC type and axon lamination pattern in the tectum revealed that each sublamina is innervated by multiple RGC types and, in most cases, distinct combinations of RGCs. Functional imaging of visually evoked calcium responses in RGC axons confirmed that differences in axon composition of sublaminae correlate with different functional properties. Our findings support a model in which precise laminar organization of retinal afferents creates a structural framework for the integration of visual inputs to the tectum.
Materials and Methods
Fish breeding. We raised zebrafish at 28°C on a 14/10 h light/dark cycle. The Tg(hsp70l:Cre)zdf13 fish line was generously provided by Leonard Zon (Harvard University, Cambridge, MA). All procedures were approved by the Committee on Animal Research of the University of California, San Francisco.
Plasmid construction and transgenesis. The UAS:Brb1.0L transgenesis plasmid was constructed by excising a 14xUAS:Brb1.0L DNA fragment from the pFrank:cytoBrainbow plasmid (a gift from A. Pan and A. Schier, Harvard University, Cambridge, MA) and ligating it into the pBH (Bleeding Heart) Tol2 plasmid (a gift from M. Nonet, Washington University, St. Louis, MO). This plasmid contains a transgenesis marker (cmlc2: mCherry) that drives heart-specific expression of mCherry. Transgenesis was performed by injecting the Tol2 UAS:Brb1.0L plasmid along with transposase RNA synthesized from the pCS2TP plasmid (a gift from K. Kawakami, National Institute of Genetics, Mishima, Japan). Tg(UAS: Brb1.0L)s1997t fish were identified by mCherry heart expression at 3 d postfertilization (dpf). Founders with multiple copies were identified by determining the percentage of offspring containing the transgenesis marker. For all Brainbow experiments, only Tg(UAS: Brb1.0L)s1997t fish that produced Ͼ90% transgene-containing offspring were used, ensuring that these fish more than likely contained at least three copies of the Brainbow expression cassette. Transient mosaic Brainbow expression in RGCs was achieved by injection of the Isl2b: GAL4VP16 plasmid (Campbell et al., 2007 ) (a gift from C.-B. Chien, University of Utah, Salt Lake City, UT), along with I-Sce I DNA endonuclease into Tg(UAS:Brb1.0L)s1997t;Tg(hsp70l:cre)zdf13 embryos. All DNA constructs were pressure injected at a concentration of 25-50 ng/l into one-to four-cell-stage embryos.
Image acquisition. For all experiments, larvae were treated with 0.003% 1-phenyl-2-thiocarbamide starting at 22 h after fertilization to inhibit formation of pigment in skin cells. Larvae were imaged on a fluorescent stereoscope to identify larvae with the appropriate labeling density and a suitable level of recombination. Selected embryos were anesthetized in 0.016% tricaine dissolved in E3 medium and embedded in 2% low-meltingpoint agarose dissolved in E3 medium. Larvae used for multiday imaging were released from the agarose after each imaging session and placed in a Petri dish filled with E3 medium. Imaging was performed on Carl Zeiss Pascal and LSM-780 confocal microscopes equipped with a multiline argon laser for excitation of Cerulean (458 nm) and enhanced yellow fluorescent protein (EYFP) (514 nm) and a green helium-neon laser to excite dTomato (543 nm). Optical sections were acquired using 1 m z-steps.
Image analyses. Image stacks were visualized and analyzed using ImageJ FIJI software (http://fiji.sc/Fiji). The 3D Viewer plugin written by B. Schmid (Würzburg University, Würzburg, Germany) was used to make volume renderings to remove skin autofluorescence from image volumes. Because of the curvature of the tectum, removal of these regions was necessary to visualize the tectal neuropil from top and side views. Manual tracings and brightness/contrast enhancement were performed in Adobe Photoshop (Adobe Systems). Arbor morphology analysis and tracing of convex polygons used criteria established by Smear et al. (2007) and were performed in FIJI. For measurements of arbor distance from the surface of the tectal neuropil, we used side views in which the skin autofluorescence was not removed so that it could be used as a marker for the skin. All data are presented as mean Ϯ SEM.
Immunohistochemistry. Anesthetized larvae were fixed overnight in a solution of 4% paraformaldehyde in PBS. Fifty micrometer vibratome sections were cut from larvae embedded in gelatin/albumin and stained with a chick anti-GFP primary antibody (GeneTex) and an Alexa Fluor-488 anti-chick secondary antibody (Invitrogen).
Two-photon Ca 2ϩ imaging and data analyses. For imaging, we crossed Tg(Atoh7:Gal4-VP16)s1992t to Tg(UAS:GCaMP3)zf350 into the mitfa Ϫ/Ϫ (nacre) background (Del Bene et al., 2010) . Larvae were embedded in 2% low-melting-point agarose at 6 dpf and imaged at 7 dpf with a custom-built two-photon microscope equipped with a modelocked titanium:sapphire Chameleon UltraII laser (Coherent) tuned to 920 nm and controlled by ScanImage version 3.6 software (Pologruto et al., 2003) . Image time series were acquired with a 40ϫ water-immersion objective (numerical aperture 0.8; Olympus) at 3.37 Hz. Visual stimulus (a vertical gray bar on a black background, ϳ24°high and 1°wide, moving horizontally back and forth for 2 s for a distance of ϳ8°) was generated with VisionEgg software (Straw, 2008) and presented with an 800 ϫ 600 pixel organic light-emitting diode (eMagin) with a green light filter (Rosco) to the left eye of the larvae. Imaging was performed in the right (contralateral) tectal neuropil. If x-y motion was present, image time series were x-y motion corrected with a program written in MAT-LAB (a gift from D. Tank, Princeton University, Princeton, NJ; modified by C. Niell, University of Oregon, Eugene OR; Dombeck et al., 2007) . Data with z motion were discarded. Image analysis was performed with ImageJ FIJI software. First, ⌬F image time series were generated, and then regions of interest (ROIs) were detected semiautomatically by thresholding ⌬F image series and automatic detection of thresholded elements using the "analyze particles" function in ImageJ FIJI. ⌬F/F plots were created with Microsoft Excel software using fluorescence intensity data obtained from the original image time series with NIH ImageJ. These plots were used to classify ROIs as ON, OFF, and ON-OFF events. To assign sublaminar position in two-photon image series, which were acquired at a single z position, the distance between the skin and the lower border of stratum fibrosum et griseum superficiale (SFGS) was divided into eight sublayers. Two-way ANOVA was performed using MATLAB.
Monte Carlo simulation. Monte Carlo simulation for exact inference was performed using StatXact software developed by Cytel. The data in Figure 7K were treated as a contingency table in which sublaminar position was treated as an ordered variable as a result of the fact that sublaminae are naturally ordered from superficial to deeper positions, whereas RGC type was treated as a nominal variable. The 10 6 Monte Carlo samples were used to obtain an exact two-sided p value using a KruskalWallis test.
Results

A transgenic Brainbow system for multicolor labeling in larval zebrafish
Brainbow multicolor fluorescent labeling has been used to study neural networks and cell lineages in the mouse nervous system using stable transgenics containing Brainbow expression cassettes under the control of cell-type-specific promoter elements (Livet et al., 2007; Card et al., 2011; Pan et al., 2011) . In the Drosophila nervous system, stable transgenic lines containing Brainbow expression cassettes under the control of the upstream activating sequence (UAS) permit labeling of neural subsets when used in conjunction with tissue-specific Gal4 transgenics (Hadjieconomou et al., 2011; Hampel et al., 2011) . For multicolor labeling in zebrafish larvae, we used a version of the UAS: Brainbow 1.0 L (UAS:Brb1.0L) cassette that encodes three cytoplasmic fluorescent proteins (dTomato, Cerulean, and EYFP; Fig. 1A ) (Pan et al., 2011) . To confirm that this Brainbow cassette can generate diverse color combinations, we coinjected UAS:Brb1.0L and RNA encoding Cre recombinase into embryos carrying Gal4s1013t. This transgenic line labels several brain regions, as well as axial muscle (Scott and Baier, 2009 ). In some embryos, labeled muscle cells exhibited a variety of color labels (Fig. 1A) , confirming that random Cre-mediated recombination can generate sufficient color diversity. However, in most injected embryos, there was a low degree of color diversity, likely attrib-utable to early Cre expression inducing recombination in early muscle progenitors. This is consistent with other reports that have found the need to temporally control Cre expression (Weber et al., 2009; Pan et al., 2011) .
The retinotectal projection forms multiple sublaminae
To examine the larval retinotectal projection using Brainbow labeling, we developed a system to mosaically label RGCs with sufficient color diversity to distinguish between arbors in close proximity. The generation of diverse color labels in Brainbow transgenics is contingent on multiple insertions into the genome (Livet et al., 2007) . We generated a stable transgenic line containing three or more copies of the UAS:Brb1.0L cassette (Pan et al., 2011) . These fish were crossed to Tg(hsp70l:Cre)zdf13, a transgenic line expressing Cre recombinase under control of the heatshock-inducible promoter hsp70l (Le et al., 2007) . Embryos generated from this cross were injected with a DNA plasmid driving Gal4 expression under control of the Islet2b promoter, a marker for RGCs (Pittman et al., 2008) . Early experiments revealed that Cre-induced recombination of the Brainbow expression cassette occurred in the absence of heat shock treatment, suggesting "leaky" expression from the hsp70 promoter. However, the random nature of Cre expression resulted in subsets of larvae with diverse color labels in retinal axons (Fig. 1B) . Injection of Islet2b:gal4 DNA yielded mosaic labeling of RGCs and generated specimens with either dense (Ͼ12 RGCs) or sparse (Յ12 RGCs) labeling of the retinotectal projection. In larval zebrafish, the tectal neuropil is oriented at an ϳ45°angle to the dorsoventral axis, located beneath an autofluorescent layer of skin cells at the tectal surface. To examine the retinotectal projection in confocal image volumes, we used a 3D "clipping" tool to isolate the tectal neuropil (see Material and Methods). Excised volumes were examined in the "top-view" orientation to examine arbors along the retinotopic axes and rotated to examine axons along the laminar axis.
The tectal neuropil of zebrafish contains four retinorecipient zones: the stratum opticum (SO), SFGS, stratum griseum centrale (SGC), and a layer situated at the boundary between the stratum album centrale and the stratum periventriculare (SAC/ SPV) (Meek, 1983; Xiao et al., 2005) . The majority of retinal inputs innervate the SO and SFGS layers. Non-retinorecipient layers are located on either side of the SGC, separating the SGC from the SAC/SPV and the SFGS, respectively. Rotation of confocal image volumes with dense RGC labeling allowed us to measure the thickness of these retinorecipient layers along the laminar axis (SO, 8.3 Ϯ 0.3 m; SFGS, 32.1 Ϯ 0.8; SGC, 9.8 Ϯ 0.6; SAC/SPV, 8.4 Ϯ 0.4; n ϭ 9 larvae; Fig. 1C ). Detailed examination of Brainbow specimens with densely labeled neuropil suggested that the retinotectal projection is subdivided into multiple sublaminae ( Fig. 1 B, C) . The total fluorescence intensity plot of this tectum (Fig. 1D , right) supports the presence of discrete layers in the SGC, SAC/SPV, and multiple positions within the SO and SFGS (indicated by black lines), as well as known retinorecipient regions devoid of labeling in this particular sample (gray lines). Fluorescence intensity plots in individual red (tdTomato), green (EYFP), and blue (Cerulean) color channels demonstrate the difference in fluorescent protein ratios at different laminar positions.
The sublaminar map is formed by thin, regularly spaced arbors
To directly examine whether the entire tectal neuropil could be divided into thin sublaminae, we analyzed the average thickness of retinal axon arbors throughout all layers of the tectum (5.2 Ϯ 0.2 m, n ϭ 120). Based on the thickness of SFGS and SO, we subdivided the retinorecipient neuropil layers into 10 sublaminae: the SGC and SAC/SPV, which are discrete layers bordered by non-retinorecipient neuropil, two layers in the SO, and six layers in the SFGS. For statistical comparisons, groups of axons at different laminar depths were correspondingly binned into 1 of 10 sublaminar designations: SO1 and SO2, SFGS1-SFGS6, SGC, or SAC/SPV (see Materials and Methods). The presence of 10 distinct sublaminae is a close approximation, and future studies using more precise methods will be required to determine their exact number in the tectum.
To examine the spacing between axons within these laminar subdivisions, we examined larvae with sparse labeling (Յ12 axons), which made it possible to trace the complex morphologies of multiple arbors in a small volume of tissue. A demonstration of this is presented in Figure 2 , A and B, in which four axons with overlapping retinotopic arborization fields could easily be distinguished based on their unique color labels: orange, pink, cyan, and teal. These composite color labels were generated by different ratios of the three Brainbow fluorescent proteins, as shown in single-channel fluorescence intensity plots (Fig. 2C) . The sideview rotation and fluorescence intensity plots revealed that axons in adjacent positions are oriented in parallel and generally exhibit regular spacing along the laminar axis. Analysis of the interpeak distance between axons assigned to adjacent sublaminae, such as the two pairs of axons in Figure 2A -C, revealed spacing that was similar to the average axon thickness (5.75 Ϯ 0.51, n ϭ 16 axon pairs). Morphological analysis of single axons in each sublamina revealed that the SO1, SO2, and SFGS1-SFGS6 layers contained axon arbors with average thicknesses between 4 and 6 m, whereas the SGC and SAC/SPV layers contained axons between 6 and 7 m thick (Fig. 2D) . It should be noted that the variability we observe in both arbor thickness and sublaminar spacing suggest that the sublaminar map does exhibit a degree of overlap. However, the predominance of thin, regularly spaced arbors suggests that a large fraction of axons contribute to a precise sublaminar scaffold in the tectum.
Sublaminae are formed by precise costratification of axons
In specimens with strong color diversity, it was possible to trace the complex morphologies of multiple arbors within a single sublamina. The image volume in Figure 3 , A and B, presents an example of sparse labeling in which several sublaminae contain labeled axons and one of these layers, SO1, contains three arbors (yellow, teal, and red). A sublaminar region isolated from this volume by 3D clipping revealed the overlapping retinotopic arborization fields of these axons (Fig. 3C) . A second example, shown in Figure 3 , D and E, contains an SFGS sublamina in which five different axon regions could be distinguished based on their color profile. The sublaminar volume contains four spectrally distinct axon arbors in orange, cyan, magenta, and blue and a segment of green-labeled axon that arborized in an adjacent sublamina (Fig. 3F ) . The composite color labels generated by Brainbow were uniform throughout the axon, which allowed us to trace the fine morphology of arbors with the same sublaminar position and overlapping retinotopic arborization fields (Fig.  3G,I ). It should be noted that the number or length of branches may be an underestimate because of cases in which every segment of an arbor could not be faithfully traced as a result of dim labeling (Fig. 3F, blue arbor) . However, in samples with bright labeling and good color separation, we were able to confidently trace the full morphology of most arbors within a given sublaminar region (Fig. 3G , yellow and teal arbors; I, blue, cyan, and orange arbors). Precisely aligned groups of arbors were observed in every retinorecipient layer of the tectum (data not shown), suggesting that precise layering is formed through axon costratification.
Although the development of retinotectal topography has been thoroughly characterized, there is little information on the degree of overlap between axon terminals. The ability to visualize groups of axons within small neuropil volumes allowed us to directly examine retinotopic overlap. Our identification of discrete sublaminae in the tectum suggests that the most informative overlap values are those between RGC axons in the same sublamina, because these are more likely to contact the same tectal neurons and interact with each other. To quantify retinotopic overlap, we measured the area of overlap between two arbors relative to the sum of the total area encompassed by the two arbor areas, in which perfect overlap is 100%. For example, the magenta and cyan axons in Figure 3 , I and J, exhibited a degree of retinotopic overlap of 26.7%. The maximum value we observed was 77.1%, and values Ͼ40% were observed in several SO and SFGS sublaminae (data not shown and Fig. 6 ). Although the random nature of this labeling does not allow us to calculate the average overlap area within different layers, the maximum values observed suggest that a high degree of arbor overlap is a general feature of retinal afferents in the tectum.
RGC axon laminar targeting is precise ab initio RGC arbor morphology in the larval zebrafish is highly dynamic and arises through iterative extension and retraction of axonal branches (Hua et al., 2005; Meyer and Smith, 2006; Ben Fredj et al., 2010) . The laminar precision we observe could arise ab initio (from the beginning) or through gradual refinement of an arbor that is initially only coarsely targeted. To visualize the process of RGC axon lamination, it was first necessary to confirm that unique color labels generated by Brainbow expression are stable enough to allow individual neurons to be monitored over time. For multi-day imaging, sparsely labeled larvae were immobilized, imaged, and subsequently returned to embryo-rearing solution. Repeated imaging at 1-2 d intervals between 5 and 12 dpf revealed only subtle changes in color labels, predominantly as a result of a decrease in fluorescence intensity of the Cerulean protein that is likely attributable to photobleaching (data not shown). However, in every larva with good initial color diversity, the reduction in Cerulean fluorescence did not impede our ability to identify the same neurons at each time point.
To determine whether RGC laminar position is achieved through gradual refinement, we examined RGC laminar profiles at early (4 -6 dpf) and late (10 -12 dpf) stages of retinal arborization. The majority of RGC arbors exhibited precise laminar targeting at the early time point (37 of 40 larvae examined; Fig. 4A -C, blue and teal arbors indicated by arrows) and did not further refine. Only three arbors imaged at the early time point had coarsely targeted arbors Ͼ10 m thick, which likely spanned two or more sublaminae (Fig. 4G) . Two of these arbors underwent a subsequent correction that resulted in a reduced final arbor thickness. In these cases, the refinement arose through a simultaneous increase in arbor density in one sublamina (Fig. 4D-F, arrowhead) and a decrease in the other. Cases such as this may represent a small RGC subpopulation that is delayed in sublaminar targeting or correction of rare targeting errors. We also observed one multi-laminar RGC arbor that did not undergo developmental refinement (data not shown). However, the rarity of these cases precluded additional examination. In summary, multiday imaging revealed that, for the vast majority of RGCs, sublaminar targeting does not arise through overgrowth and selective pruning but rather through precise laminar targeting ab initio.
The laminar map is invariant throughout early larval development
Multi-day imaging of sparse Brainbow labeling in the retinotectal projection revealed the time course by which RGC arbors adopt a thin, sublamina-specific morphology. However, it does not prove that the laminar map is fixed throughout early larval development. Individual axons maintain relatively thin arbors throughout this period but could shift in position relative to one another. To examine this possibility, we observed relative laminar positioning over time in larvae that contained multiple RGC arbors with unique color labels at different sublaminar positions. As shown in Figure 5A -D, the morphology and relative laminar position of arbors with unique color labels could be faithfully monitored between early and late time points. Although axon morphologies were dynamic, in every larvae analyzed, we found that there were only minor changes in the distance between pairs of arbors along the laminar axis (0.88 Ϯ 0.12 m, n ϭ 26 axon pairs).
Although these findings suggest that the laminar map is stable during larval development, it does not exclude the possibility that preexisting sublaminae split to form two or more new layers. If this were true, we would expect to observe instances in which arbors initially innervating the same sublamina subsequently segregated to different laminar positions. We conducted multi-day imaging of larvae in which two RGC arbors with unique color labels innervated the same sublamina and overlapped in the retinotopic plane (Fig. 5 E, F ) . Axons targeted to the same sublamina never segregated during the observation period ( Fig. 5G-K ; n ϭ 8). Together, these findings indicate that, during early larval development, the positioning and axonal composition of sublaminae is invariant, ruling out a role for laminar translocation in axonal target field selection.
Dynamic changes in arbor morphology are restricted to the retinotopic axes
Previous studies of RGC axons during early larval development have indicated that retinal arbor morphology is highly dynamic. For example, as the zebrafish tectum increases in size, shifting of axon arbors in the posterior direction may function to preserve the visuotopic map (Xiao and Baier, 2007) . There is also evidence suggesting that RGC axon arborization is influenced by activitydependent processes (Hua et al., 2005; Smear et al., 2007; Ben Fredj et al., 2010) . Although the evidence for retinotopic structural plasticity is very strong, previous studies did not examine the positions of multiple axons with respect to their sublaminar position. Examination of image volumes containing axons with different laminar positions and overlapping retinotopic arborization fields revealed that relative retinotopic position is highly dynamic (Fig. 6A) . We used axonal tracings to determine changes in arbor overlap and in the distance between the centroids of the area of each arbor. This analysis revealed that alignment along the retinotopic axes could increase or decrease with similar likelihood (Fig. 6C,D) . To exclude a model in which these changes reflect shifting of entire sublaminae relative to each other, we examined arbors occupying the same sublaminar position (Fig.  6B ). Both area of overlap and centroid distance between such arbor pairs were highly dynamic and could increase or decrease (Fig. 6C,D) . The fact that the degree of retinotopic overlap between neighboring axons in the same sublamina often increased argues against a simple model in which competition between retinal axons reduces arborization field overlap.
Multiple RGC types innervate each sublamina
The sublaminar map we identified could serve to sort axons based on the type of visual information they convey. Each tectal sublamina could serve a unique function by receiving visual information from a single RGC type. An extreme alternative is one in which each RGC type indiscriminately innervates sublaminae and functionally diverse circuits are established through selective synapse formation. Studies in the mouse retinocollicular projection have demonstrated that different types of RGCs have morphologically distinguishable axon terminals (Huberman et al., 2008 (Huberman et al., , 2009 Kim et al., 2010; Hong et al., 2011) . To further assess axonal morphology, we analyzed retinotopic arborization area and branch density of axons within each sublamina (Table 1 ).
Morphometric analysis revealed that arbors in both SGC and SAC/SPV sublaminae contained arbors with significantly lower branch densities than those in SO1, SO2, and SFGS1-SFGS6 [one-way ANOVA (F (9,120) ϭ 8.598, p ϭ 0), followed by TukeyKramer post hoc test, p Ͻ 0.05]. However, there were no significant differences in laminar thickness [one-way ANOVA (F (9,161) ϭ 2.108, p ϭ 0.032), followed by Tukey-Kramer post hoc test, p Ͼ 0.05] or arbor area [one-way ANOVA (F (9,124) ϭ 1.435, p ϭ 0.18), followed by Tukey-Kramer post hoc test, p Ͼ 0.05]. We did observe a considerable degree of morphological variability within individual sublaminae, which could reflect innervation by multiple axon types with distinct morphologies.
To directly determine the RGC types that innervate specific sublaminae, we examined the stratification pattern of RGC dendrites in the retinal inner plexiform layer (IPL), which is a hallmark feature of RGC type identity. This analysis required aldehyde fixation and vibratome sectioning of the larval eyes. Brainbow labeling was not compatible with this treatment because of diminished fluorescence intensity after fixation and the inability to distinguish the different fluorescent proteins by immunofluorescent staining. Therefore, we genetically labeled single RGCs via coinjection of Isl2b:Gal4 and UAS:EGFP DNA constructs into wild-type embryos. Larvae containing a single labeled RGC were fixed, sectioned, and immunostained to correlate axon laminar position with RGC dendrite morphology in the IPL. In the adult zebrafish retina, dendritic morphology has been used to classify 11 RGC types based on dendritic morphology in the IPL (Mangrum et al., 2002; Ott et al., 2007) . Based on these published nomenclatures, we grouped larval RGC cell types into six major classes: types 1/5/6, 2/3, 4, 7/8, 10, and 11. These major classes exhibit unique dendrite stratification patterns in the IPL, which most likely reflect distinct functional properties attributable to synaptic input from different subsets of bipolar and amacrine cells. The example presented in Figure 7 , A and B, shows the tecta of two larvae, each with a single SO1 arbor positioned ϳ2 m from the tectal surface (Fig. 7C,D, arrows) . Retrospective immunofluorescent labeling in the retina revealed that these axons originated from RGCs with different dendritic stratification patterns, one bistratified type 10 RGC (Fig. 7E ) and one monostratified type 2/3 RGC with a dendrite targeting an OFF layer of the IPL (Fig. 7F ) . The example presented in Figure 7 , G and H, is an image volume of a single tectum containing two distinct arbors that both innervate SFGS1. One of these axons originated from a monostratified type 4 RGC and the other from a bistratified type 10 RGC (Fig.  7 I, J ) . These findings confirm that more than one type of RGC can innervate the same sublamina.
In total, retrospective cell type analysis was performed on 74 RGCs with axons innervating a single tectal sublamina. Overall, we found that 9 of the 10 tectal sublaminae are innervated by multiple RGC types (Fig. 7K ) , although it should be noted that sample sizes for SGC and SAC/SPV sublaminae were limited because of their sparse innervation. Furthermore, although our data indicate that each RGC class innervates multiple sublaminae, current estimates suggest that the number of RGC types in the vertebrate retina is Ͼ20 (Badea et al., 2009; Völgyi et al., 2009) . Therefore, each class we defined most likely comprises multiple types, and we cannot rule out that single RGC types do, in fact, innervate single sublaminae. Our data also identify several sublaminae innervated by unique yet overlapping combinations of RGC types. For example, the SO1, SO2, and SFGS1 sublaminae were each innervated by two RGC types: type 10 bistratified RGCs and one additional RGC type, 1/5/6, 2/3, and 4, respectively. The data presented in Figure 7K suggest that differential innervation of sublaminae by each RGC types follows a stereotyped pattern. Alternatively, based on a merely qualitative inspection of the data, we could not rule out that the RGCs destined to project to the tectum make stochastic choices among individual sublaminae. Therefore, to exclude this possibility, we used Monte Carlo simulation to perform exact inference on this categorical dataset (Kruskal-Wallis test; for details, see Materials and Methods). This statistic yielded a significant two-sided p value of 0.013, which supports the existence of a stereotyped code for sublaminar innervation by RGC axons.
Sublamina-specific responses to visual stimulation
Our finding that unique combinations of RGC axons innervate each tectal sublamina suggests that these layers transmit different visual information to retinorecipient neurons in the tectum. To test this hypothesis, we conducted functional imaging of the retinotectal projection in larvae doubly transgenic for Atoh7:Gal4 and UAS:GCaMP3, which express the calcium indicator GCaMP3 in a majority of RGCs (Fig. 8A) but not in tectal neurons (Del Bene et al., 2010) . Preliminary experiments established that a small moving bar near the center of the visual field evoked calcium responses in the neuropil more reliably than stationary during tectal innervation (Xiao and Baier, 2007; Gosse et al., 2008) . We substantially extended these findings by demonstrating that lamination serves to spatially segregate inputs from RGC afferents based on the type of information they convey. Groups of axons precisely costratify to form individual sublaminae, each a two-dimensional representation of the visual field. Furthermore, these parallel retinotopic maps are formed by axons originating from multiple different combinations of RGC types. However, our cell-type classification is an underestimate of RGC diversity. Vertebrate retinas contain Ͼ20 distinct RGC types (Masland, 2001; Mangrum et al., 2002; Rockhill et al., 2002; Badea et al., 2009; Völgyi et al., 2009; Hong et al., 2011) . It is possible that specific RGC subtypes within these major RGC classes do target a single sublamina. However, we can exclude that individual sublaminae receive input from a single RGC type. Future studies will enable us to further differentiate RGC classes based on additional criteria, such as differential expression of molecular markers and distinct visual response properties.
Lamina-restricted axon terminals have been described in the tectum/SC of several mammalian and avian species (Sachs et al., 1986; Inoue and Sanes, 1997; May, 2006; Huberman et al., 2008 Huberman et al., , 2009 Kim et al., 2010) . In the mouse, RGC axons can adopt lamina-restricted projections through either accurate targeting or gradual refinement of an initially broad arbor (Huberman et al., 2008; Kim et al., 2010) along the laminar axis, thereby maintaining the relative laminar positions established during initial innervation (Fig. 9) . It is surprising that the tectal sublaminar map is not further refined during early larval development given that, during this period, the retinal IPL is expanding and RGC dendrites are increasing in complexity to target newly formed laminae (Mumm et al., 2006) . Given the strong evidence that some types of RGC axons in the mouse SC concurrently undergo laminar and retinotopic refinement (Simon and O'Leary, 1992; Huberman et al., 2008; , this may represent a fundamental difference in the lamination process of RGC axons in the zebrafish tectum compared with the mouse SC. However, in both systems, RGC axon lamination does not require visually evoked or spontaneous activity (Huberman et al., 2008; Nevin et al., 2008) . Furthermore, our analysis of laminar innervation patterns of different RGC classes is generally consistent with RGC-type-specific lamination in the mammalian SC described by Hong et al. (2011) , although additional work will be required to determine the precise number of RGC types in the zebrafish and make functional correlations with identified RGC types in mouse. Numerous studies have reported that retinal axon arbors are highly dynamic during development and that their branching and growth is influenced by neuronal activity (Hua et al., 2005; Smear et al., 2007; Ben Fredj et al., 2010) . In the mammalian retinocollicular projection, axons initially overshoot their appropriate retinotopic position and subsequently prune excessive branches in a process that requires spontaneous retinal waves (McLaughlin et al., 2003) . Our findings demonstrate that retinal arbors invariably shift their relative retinotopic positions while maintaining a fixed laminar position. One mechanism that has been postulated to underlie retinotopic map refinement is competition between RGC axons for postsynaptic targets. Although there is evidence that competition between neighboring axon arbors influences retinal arbor size and complexity (Hua et al., 2005; Ben Fredj et al., 2010) , previous studies did not examine the relative laminar position of imaged axons. Our data suggest that these competitive interactions are most likely to occur among axons in the same sublamina. The fact that degree of overlap between axon pairs in the same sublamina can be large, and often increase during development, rules out simple models in which retinal arbors contract to effectively tile the retinorecipient neuropil. However, individual sublaminae are innervated by multiple RGC types; therefore, we cannot exclude the possibility that axons of the same type form non-overlapping mosaics.
Our data indicate that the precise layering of the zebrafish retinotectal projection is generated by the costratification of axons from multiple RGC types. This precision is matched by the dendritic morphologies of several identified neuron types in the tectum (Scott and Baier, 2009; Del Bene et al., 2010; Robles et al., 2011; Gabriel et al., 2012) . This is in contrast to observations in the SC of nocturnal rodents, in which both retinal arbors (Hong et al., 2011) and collicular neuron dendrites (Mooney et al., 1984; Lee et al., 1997; Endo and Isa, 2001 ) are more diffusely targeted. In each system, appropriate connections between retinal axons and retinorecipient neurons are likely formed through targeted lamination in conjunction with selective synapse formation (Huberman et al., 2010) . Our data support a model in which accurate circuit formation in the visual system of zebrafish relies more heavily on laminar precision than that of rodents. This suggests that, in fish, the morphology of tectal neuron dendrites may directly reflect the complement of retinal inputs it receives. For example, we previously characterized a class of bistratified periventricular interneuron (bsPVIN) that forms a precisely stratified dendritic arbor within the most superficial layer of the SFGS . Based on our present findings, we predict that inputs from RGCs of classes 4 and 10 specifically converge onto bsPVIN dendrites (Fig. 9) . However, the tectum also contains neurons with dendrites spanning multiple sublaminae (Scott and Baier, 2009; Robles et al., 2011) , suggesting that tectal dendrite lamination may reflect the diversity of inputs a neuron receives.
It is well established in various vertebrate species that RGC types classified by dendritic morphology have distinct physiological properties (for review, see Masland, 2001 ). Calcium imaging of retinal arbors in the tectum confirmed that tectal sublaminae exhibit divergent responses to a small moving stimulus, which provides a functional correlate to their distinct innervation patterns. Our findings are consistent with recent studies examining the organization of direction-and orientation-selective retinal inputs along the laminar axis of the tectum (Gabriel et al., 2012; Nikolaou et al., 2012) . Specifically, these experiments revealed that the SO and superficial SFGS preferentially receive directionselective inputs. Our data provide an anatomical basis for these spatially segregated functional responses, because these layers receive input from bistratified type 10 RGCs, which are morphologically similar to direction-selective ganglion cells in mammals (for review, see Wei and Feller, 2011; Vaney et al., 2012) . Together, these findings reveal parallel functional maps in the tectum that are generated by stereotyped patterns of RGC axon lamination. The early formation of these functionally divergent layers suggests an essential role in the development of tectal neuron response properties (Niell and Smith, 2005) . Furthermore, the stability of these sublaminae in the presence of tectal neurons with lamina-restricted dendrites suggests a model in which the type of inputs onto tectal neurons is constant, whereas the retinotopic precision of these inputs is improving. Such refinements can reduce the size of tectal neuron receptive fields and thereby increase visual acuity (Smear et al., 2007) . This is consonant with the finding that, between 4 and 9 dpf, tectal neurons exhibit a robust increase in responsiveness to small spots (Niell and Smith, 2005) . Our findings predict that, during this developmental window, subpopulations of neurons become tuned to smaller objects without changes in responsiveness to other stimulus features.
The identification of rules governing the spatial organization of retinal afferents is a necessary step toward understanding how visual information is processed. Neural maps of sensory input to the brain can be either continuous or discrete (Luo and Flanagan, 2007) . The visual pathway harbors both types of maps. The retinotopic map preserves the spatial order of inputs in the tectum and is therefore continuous, whereas the discrete laminar map we identified is generated by cell-type-specific lamination.
